US007687386B2

a2 United States Patent 10) Patent No.: US 7,687,386 B2
Yoon et al. 45) Date of Patent: Mar. 30,2010
(54) METHOD OF FORMING A 5,822,348 A 10/1998 Fujii
SEMICONDUCTOR STRUCTURE HAVING 6,169,297 BL1* 1/2001 Jangetal. ....c.cccorveunnneee. 257/99
METAL MIGRATION SEMICONDUCTOR 6,346,431 Bl 2/2002 Yoo et al.
BARRIER LAYERS 0,053,676 Al 52002 Kozaki
. 2002/0050644 Al 5/2002 Matsumoto et al.
(75)  Inventors: %’g;mR‘foﬁns:tﬁYenSOTIL RanCh(i (C)Ak 2002/0090167 AL*  7/2002 Gevaetal. w.ooovvveeee. 385/16
; Richard King, Thousand Oaks,
CA (US); Jerry R. Kukulka, Santa
Clarita, CA (US); James H. Ermer,
Burbank, CA (US); Maggy L. Lau, FOREIGN PATENT DOCUMENTS
Hacienda Heghts, CA (US)
WO WO 87/03742 6/1987
(73) Assignee: The Boeing Company, Chicago, IL.
(US)
% o .
(*) Notice: Subject to any disclaimer, the term of this cited by examiner
patent is extended or adjusted under 35 Primary Examiner—Brook Kebede
U.S.C. 154(b) by 0 days. (74) Attorney, Agent, or Firm—Hope Baldauff Hartman,
LLC
(21) Appl. No.: 11/676,953
57 ABSTRACT
(22) Filed: Feb. 20, 2007
(65) Prior Publication Data A semiconductor structure includes a semiconductor sub-
US 2007/0138636 Al Jun. 21, 2007 strate, a semiconductor active region, a semiconductor con-
tact layer, at least one metal migration semiconductor barrier
Related U.S. Application Data layer, and a metal contact. The metal migration semiconduc-
.. L tor barrier layer may be embedded within the semiconductor
(62) 11371\]125(1)%1; of appglca;on 17\1;'0;05/‘71;9’755’ filed on Dec. contact layer. Furthermore, the metal migration semiconduc-
’ » now Pat. No. 7,202,542. tor barrier layer may be located underneath or above and in
Y y
(51) Int.Cl intimate contact with the semiconductor contact layer. The
H0‘1 I 2 128 (2006.01) metal migration semiconductor barrier layer and the semi-
5 US.Cl ' 438/572: 257/E21.386: conductor contact layer form a contact structure that prevents
(2) US.CL s ’ 257/52 l 3 87, metals from migrating from the metal contact into the semi-
58) Ficld of Classification S b 438./57 conductor active layer during long-term exposure to high
(58) Field of Classification Search .................. ) temperatures. By providing a robust contact structure that
438/92, 93, 98, 453, 570, 571, 572; 257/E21.371, may be used in semiconductor structures, for example in solar
o 257/E21 '38 1, E21.386 cells that power spacecraft or terrestrial solar cells used under
See application file for complete search history. concentrated sunlight, the high temperature reliability of the
(56) References Cited semiconductor structure will be improved and the operation

U.S. PATENT DOCUMENTS

4,415,760 A * 11/1983 Madan ........cccoevvneene 136/258

40

time will be prolonged.

17 Claims, 5 Drawing Sheets

47

44
.
NNNNNNNYNANN S\

SELLS S ES IS SISS S

SIS ST

NANNANN AANNN AN NTNANNNNNNNANNNNNNN

NNNNN AR N RNA N AN NANSIANNNNNANANNSANNNNANNNN NN N \46
SO S T AL L 45
LSS

A N R R A e N A S S S NN
AANSANNTANTOUNNNNNANTNANNNSNNNNNANNSN

VA AV AV AV AV AV AV GV AV AV AV 4V GV AV GV eV 4
S S S S

AN

iz

%

NONON N NN NN NN\
NONN NN NN NN NNNN
NN

AN AN




U.S. Patent Mar. 30, 2010 Sheet 1 of 5 US 7,687,386 B2

10\\

\\\\\\\\\\\\\\\\\\\\\\.\\\\/

NN N N SN SN N N NN NN N NN N N N N N N N NN N

FIG. 1 (Prior ART)

10\

\\\\\\\\\\

\\\\\\\\\\\\\\\\\\\

NONN NN NNNNNNNNNNNNNNN NONCN N
(//////////////////// A avd 11
///////////////////////////

;;;;;;;;;;;

\\\\\\\\\\\\\\\\\\
) N N N N N N N N N N N N U N U NN 12
N A VANANEN

FIG. 2 (PriorR ART)



US 7,687,386 B2

¢

¢e

(LYY ¥OI¥d) ¢ "9\

=t ol

\ e
\ \
=~/

-

._\_m\
L

\\ /a

\\ y

U.S. Patent Mar. 30, 2010 Sheet 2 of 5

N oc




U.S. Patent Mar. 30, 2010 Sheet 3 of 5 US 7,687,386 B2

40\

AN N AN NN ARNANN AN NANANNNANNNNNNNNNNNNNNNNNNYNNNNNNNY 43
NANN AN NN N ANANN NN NN NN NNNNSNANNNNNNNNNNNNNNANNNANNANN

\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ N U . NN N NN NG N N N N
T 4 o

/
/

NNNANNN NN AN NN NN NNANNANNSANNANNNNANNNNNNNNYNNSNNNNAN 4_3
A S R S S N AR S S N AR RN O N NN
NUNN N N N N N N N N N N N N N N N NS N NN NN OIS N NN NS N NN NS NN NN N NS N

//////////////////////////i 49

//////////////////////////

NN VN Y N VI N N N N N N N N NN
NONONN N NN NN N N NN NN
NN\

///

40\

iz

\\\\\46

SIS S22 45
SIS 7T

NN NN N NN

ANANANANNANANNNNNUANNNANNANANNSNNNNNNNNNNNNNANSY
A S R O N S S R S AR RN S SN
/////////////
VAP AP AV AP GV AV AV 4V SV eV v v 4

) ///
77/
oy

47 55




US 7,687,386 B2

Sheet 4 of 5

Mar. 30, 2010

U.S. Patent

60

:

44

43

77

\

7/ /7
s 7 A
S 7277 A
s 777 7N
Y/ /777
Y/ /777
Y/ /77 7/
v 27777/
Y/ /777 7
vy sr7777
Y /7777 7
¥/ /777 7
Y/ /777 /
vss777
Y 27777/
Vv /727777

(/7777 A
/777 /A
IR
v/ /777 A
Y/ /7 /7 A
/7777 A
S SS
{77/ /7 7/
(/777 7/
REE e

Y 777/ 7/
SIS/
y £ £t s 2 /]

?LJ45

SIIIIII IO ISV PP I P77 P77 7777772777277 7777777
PIIIII I PP ISP PSPPI LIS ISP ISP SIS 77 77T
LLLLL LI LI PP LIPS0l LLLLL LIS
VAV AV AV AV AV AN SV AV SV GV AV AV SV S SV GV SV SV SV SV GV AV GV AV AV 4
VAV AV AV AV AV AN SV AV SV QN AV GV SV S SV GV SV SV SV SV AV SN GV AV v 4

/

|

%42

NONON N N N N N Y N N N N N N N NN
NONON NN N NN N NN NN N N N NN

2 2 p Z Z 2 2 < L y2 2

2

z Z Z 2 2 2z Ll

z ya

z

41

S

FIG.

70

4
< e 'y
J <
\\L/
Nmm\\\\\\\
NN 222
NN 2222
NN 2R
NNN 2224
N\
/
NNN A A
NNN LR
IN{ 27777
NN 222
NN 2222
NN 2R
NN LA
NNN LR
NN EERRR
NENEN vV /7 /77 7/
NN S22
NN AR
NNINEELRRA
NN SRR
NN EZRRR
NN 2R
NNNEEEER
NN 2R
NN R4
NN 222
NN SRR
NN 2R
NN 222
NNN SRR
NN EEZ2R
NN EELRRE
NN 2222
NNN A4
NN 2222
NN A4
NN 222
NN 222
N vV /7 /77
NN EEERR
NN SRR
NN LA
AR

xerﬁ\fn

%42

DAY YA VAN N NN NN N N N N N NN
NONONRN NN N NN NN N NN NN

NN

NN
NN
NN
NN

NN

NN
NN\
NN
NN

NN
NN
NN

NN

NN

NN\
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN

L]

Mh

41

v

FIG.



U.S. Patent Mar. 30, 2010 Sheet 5 of 5 US 7,687,386 B2

AN

S S LL

£

NN ~ ~ NS
R T e
NN NN N NG NN N
Ty e - s
v e - s
//// e ///
//// 7 s
T, s 7
TN - . s
s -
s e
s s //// ///// ////
4"7’/< \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘\\\\\\\\\

ANATLTATALTAAATNTANUNULNRNRNANAN NN N A NNNNNNNNNNNNNNNNNUNNNNNNNANN

VA AV AV AV 4N 4V GV 4V SV GV GV GV AV LV Qi G GV AV G SV G GV GV GV GV G N AV GV AV GV v 4
VAP AV AV AV AV AV A SV A SV GV AV 4V 4V GV B GV A AV 4 SV B SV 4 S A Gl GV 4V GV VSV 4V 4
VAV AV AV ANV AV G GV GV AV AN AV A GV AV G SV AV G GV A G AV A GV A GV G AV S v v

87

45

VALV VAV AV A AV 4V 4V 4V S AV AV 4 4 SV S SV 4 SV 4 4 4 4 4V B 45 GV 4 AV SV 4V 4
S S S S S S S S S S SSSSSSSSSSSSSSSSSS
VAV AV AV AV AV AV AV S A 4V Y B 4V SV SV AV A SV SV S 4V SV B 4V GV SV AV AV AV AV 4V 4
VAV AV AV A AV A AV AV 4 AV ) SV 4V SV A SV AV AV 4V SV AV SV 4V LV S AV AV 4V AV 4V 4
l/ / /7 /0 /S S S S S S SSSSSSSSSSSSSSSSSSSS
S S S S S
VAPV AV A A 4V 4V SV 4 SV A 4 SV AV SV S A AV AV A AV AV AV AV S SV AV SV SV AV 4 4V 4
S S S S S
VAPV AV AV VA AV A 4V AV AV AV A AV AV AV 4V AV SV A AV SV A AV AV S AV 4 GV AV SV A AV 4V a4
VAPV AV AV VA AV AV VS A SV AV A S SV SV SV AV SV AV QU AV SV SV AV AV 4 SV 4D SV 4 4V 4V 4V 4
> NN N N N NN NN AYAYAY NN NN N NN 82
)\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\j—
49~ SIS SIS SIS SIS SIS SIS SIS ST S
SIS SIS SIS IS S IS 81
SLLLLLLLL LSS LSS LSS LSS LSS

ANy

FIG. 8

80



US 7,687,386 B2

1

METHOD OF FORMING A
SEMICONDUCTOR STRUCTURE HAVING
METAL MIGRATION SEMICONDUCTOR
BARRIER LAYERS

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application is a divisional of U.S. patent application
Ser. No. 10/739,755, filed Dec. 17, 2003, now U.S. Pat. No.
7,202,542.

BACKGROUND

Embodiments of the present invention generally relate to
semiconductor structures and, more particularly, to semicon-
ductor structures including metal migration barrier layers
preventing metal migration from a contact layer into an active
layer of a semiconductor structure and method of forming the
same.

While manufacturing semiconductor devices, such as IT1I-V
semiconductor based multifunction solar cells, electrical con-
tacts are formed on individual semiconductor devices and
connected together to perform the desired circuit functions.
The electrical contact formation and connection process
involves metal layers and is generally called “metallization.”
Metal contact layers containing multiple thin layers with
alternating composition of, for example Ti/Au/Ag, are con-
ventionally used for providing electrical contact to semicon-
ductor devices.

FIG. 1 provides a schematic cross sectional view of a
typical prior art semiconductor structure 10. The semicon-
ductor layers may be deposited during a process typically
referred to as semiconductor wafer growth process. In this
wafer growth process, semiconductor active layers 11 are
generally deposited onto a semiconductor substrate 12. A
semiconductor contact layer 13 may be then deposited onto
the semiconductor active layers 11. Typically, the semicon-
ductor contact layer 13 is the last layer to be deposited during
the wafer growth process. After completion of the growth
process, a metal contact 14 is generally deposited in a sepa-
rate process typically referred to as device fabrication pro-
cess.

Metal films used for electrical contacts on semiconductor
devices may migrate into the semiconductor active region
under certain environmental conditions, such as long time
exposure to high temperatures, causing product reliability
concerns. FIG. 2 shows a schematic cross sectional view of a
typical prior art semiconductor structure 10 wherein metal
protrusion 15 from the metal contact 14 into the semiconduc-
tor active layers 11 has occurred. The metal protrusion 15
may cause the semiconductor structure 10 to fail. Conse-
quently, a semiconductor structure that blocks or prevents
metal migration from the metal contact into the semiconduc-
tor active layer is highly desirable and is important for the
operation life, and high temperature reliability of such semi-
conductor structure 10, for example, a solar cell.

The most common method to mitigate the existing problem
is to use a metal barrier layer as part of the entire metal contact
structure, such that the barrier metal is placed underneath the
main metal layer 14. In prior art, platinum (Pt), palladium
(Pd), and similar elements or compounds that have high tem-
perature stability are commonly used as metal barrier layers.
The main purpose of the metal barrier layer is to prevent
diffusion of conductive material from the metal contact 14,
such as Au or Ag, for example, into the semiconductor active
layers 11.
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However, this prior art approach may still be susceptible to
metal diffusion under certain environmental conditions, such
as exposure of the semiconductor structure to high tempera-
tures for prolonged periods of time. Since the semiconductor
contact layer 13 generally is composed of a single homoge-
neous structure, the semiconductor contact layer 13 may not
provide any obstacles to the metal protrusion 15 once the
metal diffusion process has started. Therefore, once metal
migration from the metal contact 14 into the semiconductor
contact layer 13 has started, it is likely that the metal will
migrate through the entire semiconductor contact layer 13
and reach the active semiconductor region. Consequently, it
will be only a matter of time until the metal reaches the
semiconductor active layers 11 and causes the structure to
fail. Therefore, it is necessary to find appropriate materials
that can be incorporated within the contact structure of a
semiconductor structure and that enable suppression of the
metal migration into the active region of the structure even
during long time exposure to high temperatures, as found for
example during space and terrestrial applications.

Prior art multifunction solar cells 31 (as shown in FIG. 3)
provide power to many satellites and other spacecraft. FIG. 3
shows a perspective view of a cell-interconnect-coverglass
assembly 30 of a typical prior art multifunction solar cell 31.
A plurality of interconnects 32 may be provided at one edge
of the solar cell 31. The interconnects 32 may be welded on
top of the metal contact 14, as shown in FIGS. 1 and 2. A
coverglass 33 may be installed to protect the solar cell 31 and
the interconnects 32 from radiation in space. Presently, metal
protrusion 15 from the metal contact 14 through the semicon-
ductor contact layer 13 and into the semiconductor active
layers 11, as illustrated in FIG. 2, may be observed more
readily in the areas where the interconnects 32 are connected
with the solar cell 31. For space applications, such as the
operation of I11-V based multifunction solar cells mounted on
spacecraft, the device operation life under extreme environ-
mental conditions, such as exposure to relatively high tem-
peratures for relatively long times, is of very high importance.
Therefore, a prolonged life, a higher performance, an
improved high temperature reliability, and stability of the
solar cells 31 would result in a prolonged operation of the
spacecraft. Furthermore, solar cells 31 with a semiconductor
contact structure that blocks or prevents metal protrusion 15
would provide a more stable and improved total power output
over the life of a spacecraft due to a lower degradation rate.

There has, therefore, arisen a need to provide a metal
migration semiconductor barrier layer that is able to suppress
metal migration from the metal contact of a semiconductor
device into the semiconductor active region under extreme
environmental conditions, such as exposure to high tempera-
tures for long times, as found, for example, for applications in
space, as well as on earth, under concentrated sunlight. There
has further arisen a need to provide an appropriate material
for a metal migration semiconductor barrier layer that is able
to block the movement of metal within the semiconductor
contact layer and to keep the metal away from the active
region of the semiconductor device under extreme environ-
mental conditions, such as found in space. There has also
arisen a need to provide an improved solar cell for providing
power to a spacecraft, such as a satellite, that will prolong the
operation and improve the performance of the spacecraft.

As can be seen, there is a need for a semiconductor struc-
ture with a semiconductor contact structure providing
improved high temperature reliability. There is a further need
for providing a semiconductor structure designed to keep any
metal from entering the semiconductor active region such
that, consequently, the operation life of the semiconductor
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structure will be extended. Also, there is a need for preventing
metal protrusion from the metal contact into the semiconduc-
tor active layers during exposure of the semiconductor struc-
ture to high temperatures for long times, improving the per-
formance and stability of the structure. Furthermore, there is
a need for suppression of metal migration into the semicon-
ductor active layers under extreme environmental conditions,
such as exposure to high temperatures for long times as
found, for example, during space applications. Moreover,
there is a need for a method for forming a semiconductor
structure for improving the high temperature reliability and
the performance time of the semiconductor structure.

BRIEF SUMMARY

An embodiment of the present invention provides a semi-
conductor structure that has one or more metal migration
semiconductor barrier layers incorporated within or outside
of a semiconductor contact layer and, therefore, provides a
contact structure with improved high temperature reliability.
Embodiments of the present invention further provide a semi-
conductor structure that is suitable for, but not limited to, use
in multifunction solar cells that provide power to spacecraft,
for example, satellites. Embodiments of the present invention
also provide an appropriate semiconductor material, such as
AllInP, that may be incorporated within the contact structure
of'a semiconductor structure and that prevents metal protru-
sion from the metal contact into the semiconductor active
layers during long-term exposure of the semiconductor struc-
ture to high temperatures, improving the performance, high
temperature reliability, and stability of the semiconductor
structure. Embodiments of the present invention also provide
a method for forming a semiconductor structure with metal
migration semiconductor barrier layers and therefore, for
improving the high temperature reliability and the perfor-
mance time at high temperatures of the semiconductor struc-
ture.

An embodiment of a semiconductor structure comprises a
semiconductor substrate, a semiconductor active region
formed on the semiconductor substrate, a semiconductor con-
tact layer grown on top of the semiconductor active region, a
metal migration semiconductor barrier layer, and a metal
contact deposited on the semiconductor contact. The metal
migration semiconductor barrier layer is embedded within
the semiconductor contact layer.

Another embodiment of a semiconductor structure com-
prises a semiconductor substrate, a semiconductor active
region formed on the semiconductor substrate, a metal migra-
tion semiconductor barrier layer grown on top of the semi-
conductor active region, a semiconductor contact layer grown
ontop of the metal migration semiconductor barrier layer, and
ametal contact deposited on the semiconductor contact layer.
The metal migration semiconductor barrier layer is located
entirely underneath the semiconductor contact layer, and the
metal migration semiconductor barrier layer is in intimate
contact with the semiconductor contact layer.

Another embodiment of a semiconductor structure com-
prises a semiconductor substrate, a semiconductor active
region formed on the semiconductor substrate, a semiconduc-
tor contact layer grown on top of the semiconductor active
region, a metal migration semiconductor barrier layer, and a
metal contact deposited on the metal migration semiconduc-
tor barrier layer. The metal migration semiconductor barrier
layer is grown on top of the semiconductor contact layer, such
that the metal migration semiconductor barrier layer is
located entirely above the semiconductor contact layer. The
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metal migration semiconductor barrier layer is in intimate
contact with the semiconductor contact layer.

Inanother embodiment of the present invention, a solar cell
device structure comprises a semiconductor substrate, a first
set of semiconductor active layers being based on gallium
arsenide grown on top of the semiconductor substrate, a sec-
ond set of semiconductor active layers being based on gallium
indium phosphide grown on top of the first set of semicon-
ductor active layers, a semiconductor contact layer grown on
top of the second set of semiconductor active layers, a metal
migration semiconductor barrier layer of aluminum indium
phosphide embedded between the first region and the second
region of the semiconductor contact layer, and a metal con-
tact. The semiconductor substrate has a thickness of about
100 to 300 microns. The first set of semiconductor active
layers has a thickness of about 2 to 4 microns. The second set
of'semiconductor active layers has a thickness of about 0.5 to
1.0 microns. The semiconductor contact layer includes a first
region of gallium arsenide having a thickness of about 1000 to
5000 A and a doping ofabout 1-5x10'® cm™3, a second region
of gallium arsenide having a thickness of about 1000 to 5000
A and a doping of about 1-5x10'® cm™, and a third region of
gallium arsenide having a thickness of approximately O to
2000 A and a doping of about 1-5x10'° cm™>. The first region
is grown on top of the second semiconductor active layer, the
second region is grown on top of the first region, and the third
region is grown above the second region. The metal migration
semiconductor barrier layer is made of aluminum indium
phosphide and has a thickness in the range of 250 A to 500 A.
The metal contact is a titanium/gold/silver metallization
deposited on the semiconductor contact layer. The metal con-
tactincludes a titanium layer having a thickness of about 25 to
100 A and is deposited on the third region of the semicon-
ductor contact layer, a gold layer having a thickness of about
300 to 600 A, wherein the gold layer is deposited on the
titanium layer, and a silver layer having a thickness of about
40,000 to 60,000 A, wherein the silver layer is deposited on
the gold layer.

In an embodiment of the present invention, a cell-intercon-
nect-coverglass assembly comprises a solar cell, a plurality of
interconnects welded onto the metal contact, and a coverglass
covering the solar cell and the interconnects. The solar cell
includes semiconductor substrate, a semiconductor active
region formed on the semiconductor substrate, a semiconduc-
tor contact layer grown on top of the semiconductor active
region, a metal migration semiconductor barrier layer embed-
ded within the semiconductor contact layer, and a metal con-
tact deposited on top of the semiconductor contact layer.

In an embodiment of the present invention, a contact struc-
ture comprises a semiconductor contact layer, and a metal
migration semiconductor barrier layer, wherein the metal
migration semiconductor barrier layer is in intimate contact
with the semiconductor contact layer.

In an embodiment of the present invention, a method for
forming a semiconductor structure with metal migration
semiconductor barrier layers comprises the steps of: growing
a semiconductor structure; blocking the metal migration from
the metal contact towards the semiconductor active region
with the metal migration semiconductor barrier layer; inhib-
iting metal/semiconductor reactions and formation of unde-
sirable phases within the semiconductor active region. Grow-
ing the semiconductor structure includes the steps of:
providing semiconductor substrate; forming a semiconductor
active region on the semiconductor substrate; growing a semi-
conductor contact layer on top of the semiconductor active
region; embedding a metal migration semiconductor barrier
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layer within the semiconductor contact layer; and depositing
a metal contact on the semiconductor contact layer.

In an embodiment of the present invention, a method for
forming a semiconductor structure with metal migration
semiconductor barrier layers comprises the steps of: growing
a semiconductor structure; blocking the metal migration from
the metal contact towards the semiconductor active region
with the metal migration semiconductor barrier layer; inhib-
iting metal/semiconductor reactions and formation of unde-
sirable phases within the semiconductor active region. Grow-
ing the semiconductor structure includes the steps of:
providing semiconductor substrate; forming a semiconductor
active region on the semiconductor substrate; growing a metal
migration semiconductor barrier layer on top of the semicon-
ductor active region; growing a semiconductor contact layer
on top of the metal migration semiconductor barrier layer;
and depositing a metal contact on the metal migration semi-
conductor barrier layer.

In an embodiment of the present invention, a method for
forming a semiconductor structure with metal migration
semiconductor barrier layers comprises the steps of: growing
a semiconductor structure; blocking the metal migration from
the metal contact towards the semiconductor active region
with the metal migration semiconductor barrier layer; inhib-
iting metal/semiconductor reactions and formation of unde-
sirable phases within the semiconductor active region. Grow-
ing the semiconductor structure includes the steps of:
providing semiconductor substrate; forming a semiconductor
active region on the semiconductor substrate; growing a semi-
conductor contact layer on top of the semiconductor active
region; growing a metal migration semiconductor barrier
layer on top of the semiconductor contact layer; and depos-
iting a metal contact on the metal migration semiconductor
barrier layer.

These and other features, aspects and advantages of the
embodiments of the present invention will become better
understood with reference to the following drawings, descrip-
tion and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross sectional view of a typical prior
art semiconductor structure;

FIG. 2 is a schematic cross sectional view of a typical prior
art semiconductor structure with metal protrusion;

FIG. 3 is a perspective view of a cell-interconnect-cover-
glass assembly of a typical prior art multifunction solar cell;

FIG. 4 is a schematic cross sectional view of a semicon-
ductor structure according to one embodiment of the present
invention;

FIG. 5 is a schematic cross sectional view of a semicon-
ductor structure with metal protrusion according to one
embodiment of the present invention;

FIG. 6 is a schematic cross sectional view of a semicon-
ductor structure according to another embodiment of the
present invention;

FIG. 7 is a schematic cross sectional view of a semicon-
ductor structure according to another embodiment of the
present invention; and

FIG. 8 is a schematic cross sectional view of a solar cell
device structure according to another embodiment of the
present invention.

DETAILED DESCRIPTION

The following detailed description is of the best currently
contemplated modes of carrying out the embodiments of the
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6

invention. The description is not to be taken in a limiting
sense, but is made merely for the purpose of illustrating
general principles, since the scope of the invention is best
defined by the appended claims.

Broadly, an embodiment of the present invention provides
a semiconductor structure with a contact structure for
improved high temperature reliability. Contrary to the known
prior art, the contact structure may include one or more metal
migration semiconductor barrier layers embedded within or
in intimate contact with a semiconductor contact layer that
may be designed to block the movement of metal from the
metal contact towards the semiconductor active region. The
semiconductor structure as in one embodiment of the present
invention may be used, for example, for III-V based multi-
function solar cells that provide power to spacecraft, such as
satellites. The semiconductor structure as in one embodiment
of'the present invention may further be used, for example, for
II1-V based terrestrial solar cells that typically operate under
concentrated sunlight. Furthermore, an embodiment of the
present invention provides a method for forming a semicon-
ductor structure with metal migration semiconductor barrier
layers for improving the high temperature reliability and the
lifetime of the semiconductor structure compared to known
prior art semiconductor structures.

In one embodiment, the present invention provides a semi-
conductor structure that has one or more metal migration
semiconductor barrier layers incorporated within or outside
of, but in intimate contact with, a semiconductor contact layer
that prevent metal protrusion from the metal contact into the
active region of the semiconductor structure during exposure
of the semiconductor structure to high temperatures for long
periods of time. By incorporating such metal migration semi-
conductor barrier layers into the contact structure of the semi-
conductor structure the performance, stability, and reliability
of the semiconductor structure at high temperatures may be
improved in comparison to prior art semiconductor structures
that use a metal barrier layer.

An embodiment of the present invention further provides
semiconductor materials, such as AllnP, that can be incorpo-
rated into the contact structure of a semiconductor device, for
example, a multifunction 1II-V based solar cell, to prevent
metal migration from the metal contact into the semiconduc-
tor active layers under extreme environmental conditions,
such as exposure to high temperatures for extended amounts
oftime. The use of semiconductor materials, such as AllnP, as
metal migration barrier materials instead of prior art metals
with high temperature stability, such as Pt and Pd, enables the
prevention of metal protrusion from the metal contact into the
active region of the semiconductor structure even during
long-term exposure to high temperatures, such as found in
space applications. Therefore, contrary to prior art semicon-
ductor structures, the semiconductor structures according to
one embodiment of the present invention will exhibit
enhanced performance during long-term exposure to high
temperatures.

An embodiment of the present invention further provides at
least one metal migration semiconductor barrier layer that is
incorporated within the semiconductor contact layer of a
semiconductor structure. In contrast of the known prior art,
the metal migration semiconductor barrier layer as in one
embodiment of the present invention is designed to block any
movement of metal that might occur within the semiconduc-
tor contact layer and, therefore, to prevent any metal from
entering the semiconductor active layers, which would cause
the failure of the semiconductor structure. Contrary to prior
art metal barrier layers, the metal migration semiconductor
barrier layer according to one embodiment of the present
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invention is proven to work under long-term high temperature
conditions, as found in space applications. By incorporating
metal migration semiconductor barrier layers, as in one
embodiment of the present invention, into the contact struc-
ture of a semiconductor structure, a contact structure with
improved high temperature reliability, as needed, for
example, in space applications may be designed.

By providing a contact structure according to one embodi-
ment of the present invention, the high temperature reliability
of a semiconductor device, such as a III-V based multifunc-
tion solar cell, can be improved in contrast to prior art semi-
conductor devices. Furthermore, the operation life of the
semiconductor device under long-term high temperature con-
ditions will be prolonged, which provides an advantage over
prior art.

Referring now to FIG. 4, a schematic cross sectional view
of'a semiconductor structure 40 is illustrated according to one
embodiment of the present invention. The semiconductor
structure 40 includes a semiconductor substrate 41, a semi-
conductor active region 42, a semiconductor contact layer 43,
a metal contact 44, and at least one metal migration semicon-
ductor barrier layer 45. The semiconductor active region 42
may include multiple semiconductor active layers such as 81
and 82 (as shown in FIG. 8). The semiconductor active layers
may be deposited on the semiconductor substrate 41. The
semiconductor contact layer 43 may then be grown on top of
the semiconductor active region 42. The metal contact 44 may
then be deposited on the semiconductor contact layer 43 in a
separate process.

The semiconductor contact layer 43 is generally consid-
ered to be an inactive part of the semiconductor structure 40,
since the inherent performance of the semiconductor struc-
ture 40 is not affected by the semiconductor contact layer 43.
However, the semiconductor contact layer 43 is an important
part of the semiconductor structure 40, since it is designed to
be in intimate physical contact with the metal contact 44 and
must provide sufficiently low contact resistance in order to
minimize the impact on the overall semiconductor structure
40 performance. The techniques and processes described
herein involve modifying the semiconductor contact layer 43.
The semiconductor contact layer 43 and at least one metal
migration semiconductor barrier layer 45 may form a contact
structure 47. As shown in FIG. 4, at least one metal migration
semiconductor barrier layer 45 may be embedded within the
semiconductor contact layer 43 according to one embodiment
of'the present invention. FIG. 4 illustrates the metal migration
semiconductor barrier layer 45 incorporated approximately
in the middle of the semiconductor contact layer 43. How-
ever, the metal migration semiconductor barrier layer 45 may
be placed anywhere within the semiconductor contact layer
43. Furthermore, more than one metal migration semiconduc-
tor barrier layer 45 may be embedded within the semiconduc-
tor contact layer 43. The location of the metal migration
semiconductor barrier layer 45 within the semiconductor
contact layer 43 as well as the number of metal migration
semiconductor barrier layers 45 may influence the effective-
ness of the contact structure 47.

Referring now to FIG. 5, a schematic cross sectional view
of a semiconductor structure 40 with metal protrusion 46 is
illustrated according to one embodiment of the present inven-
tion. The semiconductor structure 40 has been exposed to
high temperatures for a long time, similar to conditions found
during applications in space. The prolonged exposure to high
temperatures may cause a portion of the metal contact 44 to
diffuse or migrate downward towards the semiconductor
active region 42. Any metal reaching the active region 42
comprises a highly undesirable situation, as the metal atoms
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will likely short out the semiconductor P/N junction and may
cause the structure 40 to fail. The metal migration semicon-
ductor barrier layer 45 may function as a barrier to stop metal
migration from the metal contact 44 and may prevent the
metal protrusion 46 from extending into the semiconductor
active region 42, as shown in FIG. 5.

Referring now to FIG. 6, a schematic cross sectional view
of a semiconductor structure 60 is illustrated according to
another embodiment of the present invention. The semicon-
ductor structure 60 may include a semiconductor substrate
41, a semiconductor active region 42, a semiconductor con-
tact layer 43, a metal contact 44, and a metal migration semi-
conductor barrier layer 45. The metal migration semiconduc-
tor barrier layer 45 may be grown on top of the semiconductor
active region 42 followed by the semiconductor contact layer
43, such that the metal migration semiconductor barrier layer
45 may be located entirely underneath and in intimate contact
with the semiconductor contact layer 43. The semiconductor
contact layer 43 and the metal migration semiconductor bar-
rier layer 45 may form a contact structure 47.

Referring now to FIG. 7, a schematic cross sectional view
of a semiconductor structure 70 is illustrated according to
another embodiment of the present invention. The semicon-
ductor structure 70 may include a semiconductor substrate
41, a semiconductor active region 42, a semiconductor con-
tact layer 43, a metal contact 44, and a metal migration semi-
conductor barrier layer 45. The semiconductor contact layer
43 may be grown on top of the semiconductor active region
42. The metal migration semiconductor barrier layer 45 may
be grown on top of the semiconductor contact layer 43, such
that the metal migration semiconductor barrier layer 45 may
be located entirely above and in intimate contact with the
semiconductor contact layer 43. The semiconductor contact
layer 43 and the metal migration semiconductor barrier layer
45 may form a contact structure 47.

Independent from the location of the metal migration semi-
conductor barrier layer 45 proximate to the semiconductor
contact layer 43 and independent from the number of metal
migration semiconductor barrier layers 45 embedded within
the semiconductor compact layer 43, the combination of the
semiconductor contact layer 43 and the metal migration semi-
conductor barrier layer 45 may provide a contact structure 47
that may improve the reliability of a semiconductor structure
40, 60, or 70 during exposure to high temperatures for pro-
longed time periods.

The semiconductor structure 40 (as illustrated in FIGS. 4
and 5), the semiconductor structure 60 (as illustrated in FIG.
6), and the semiconductor structure 70 (as illustrated in FIG.
7), all may be grown using a growth method known as metal
organic vapor phase epitaxy (MOVPE). The use of other
growth methods may also be possible. The effectiveness of
the metal migration semiconductor barrier layer 45 has been
demonstrated on I1I-V based multifunction solar cells. The
use of the metal migration semiconductor barrier layer 45 as
in FIGS. 4, 5, 6, and 7 is not limited to III-V based multijunc-
tion solar cells. The metal migration semiconductor barrier
layer 45 may be incorporated into the contact structure of any
semiconductor structure that is used for applications under
prolonged high temperature conditions.

The preferred material for the metal migration semicon-
ductor barrier layer 45 (as shown in FIGS. 4, 5, 6, and 7) may
be aluminum indium phosphide, but the material for the metal
migration semiconductor barrier layer may be extended to
other phosphide compounds, such as gallium indium phos-
phide, and aluminum containing compounds, such as alumi-
num gallium arsenide.
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Referring now to FIG. 8, a schematic cross sectional view
of a solar cell device structure 80 is illustrated according to
another embodiment of the present invention. The solar cell
device structure 80 may include a semiconductor substrate
41, a semiconductor active region 42, a semiconductor con-
tact layer 43, a metal contact 44, and a metal migration semi-
conductor barrier layer 45. The metal migration semiconduc-
tor barrier layer 45 may be embedded within the
semiconductor contact layer 43 forming a contact structure
47. The semiconductor substrate 41 may be an elemental
semiconductor such as silicon or germanium, or a I[1I-V com-
pound semiconductor such as gallium arsenide or indium
phosphide. The semiconductor substrate 41 may have a thick-
ness of about 100-300 microns. The semiconductor active
region 42 may include a first set of semiconductor active
layers 81 being based on gallium arsenide and a second set of
semiconductor active layers 82 being based on gallium
indium phosphide. The first set of semiconductor active lay-
ers 81 may have a thickness of about 2-4 microns and may be
grown on top of the semiconductor substrate 41. The second
set of semiconductor active layers 82 may have a thickness of
about 0.5-1.0 microns and may be grown on top of the first set
of semiconductor active layers 81. The semiconductor con-
tact layer 43 grown on top of the second set of semiconductor
active layers 82 may include a first region 83 of gallium
arsenide having a thickness of approximately 1000-5000 A
and a doping of 1-5x10"® cm™>, a second region 84 of gallium
arsenide having a thickness of approximately 1000-5000 A
and a doping of 1-5x10"® cm™, and a third region 85 of
gallium arsenide having a thickness of approximately 0-2000
A and a doping of 1-5x10'° ¢cm™>. The semiconductor con-
tactlayer 43 may also be grown from gallium indium arsenide
with 1-3% indium. The metal migration semiconductor bar-
rier layer 45 of aluminum indium phosphide with a thickness
in the range of 250 to 500 A may be embedded between the
first region 83 and the second region 84 of the semiconductor
contact layer 43. Other materials, such as aluminum gallium
arsenide, gallium indium phosphide, gallium indium arsenide
with higher indium contents, strain-balanced superlattices,
strained layers, or other lattice-matched materials may be
used as materials for the metal migration semiconductor bar-
rier layer 45. The metal contact 44 may be a conventional
titanium/gold/silver metallization and may include a 25-100
A thick titanium layer 86, followed by a 300-600 A thick gold
layer 87, and a 40,000-60,000 A thick silver layer 88. Other
materials, for example, titanium/platinuny/silver or modifica-
tions of the conventional titanium/gold/silver metallization
may be used as material for the metal contact 44.

The semiconductor contact layer 43 may have the metal
migration semiconductor barrier layer 45 embedded in it, as
shown in FIG. 8, such that the metal migration semiconductor
barrier layer 45 acts as a barrier against the diffusion of metal
species, such as gold (87) or silver (88), from the metal
contact 44 towards the active region 42. The metal migration
semiconductor barrier layer 45 may further inhibit metal/
semiconductor reactions and the formation of undesirable
phases that can take place during a long-term exposure to high
temperatures.

A method for forming a semiconductor structure 40 with
metal migration semiconductor barrier layers 45 and there-
fore, for improving the high temperature reliability and the
performance time at high temperatures of the semiconductor
may include the steps of: growing a semiconductor structure
40 by depositing a semiconductor active region 42 on a semi-
conductor substrate 41; growing a semiconductor contact
layer 43 on top of the semiconductor active region 42; embed-
ding a metal migration semiconductor barrier layer 45 within
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the semiconductor contact layer 43; depositing a metal con-
tact 44 on top of the semiconductor contact layer 43; blocking
the metal migration from the metal contact 44 towards the
semiconductor active region 42; inhibiting metal/semicon-
ductor reactions and formation of undesirable phases;
improving the high temperature reliability of the semicon-
ductor structure 40; and extending the operation life of the
semiconductor structure 40. More than one metal migration
semiconductor barrier layers 45 may be embedded into the
semiconductor contact layer 43. Furthermore, instead of
being embedded into the semiconductor contact layer 43, the
metal migration semiconductor barrier layer 45 may be
deposited underneath and in intimate contact with the semi-
conductor contact layer 43 or above and in intimate contact
with the semiconductor contact layer 43.

Therefore, by providing a contact structure 47 that includes
the semiconductor contact layer 43 and the metal migration
semiconductor barrier layer 45 the reliability of a semicon-
ductor structure 40, 60, 70, or 80 during long-term exposure
to high temperatures may be improved and the operation time
of the semiconductor structure 40, 60, 70, or 80 may be
extended. Moreover, by using a solar cell 80 as in one embodi-
ment of the present invention, for example, in a cell-intercon-
nect-coverglass assembly 30 (as shown in FIG. 3), the high
temperature reliability of this assembly 30 may be improved
and the operation time may be prolonged, extending the life
of'the satellite that the solar cell 80 is powering. Although the
contact structure 47 may be used most effectively in I1I-V
based multifunction solar cells that provide power to space-
craft, for example, satellites, other applications, for example,
terrestrial solar cells, are possible.

It should be understood, of course, that the foregoing
relates to preferred embodiments of the invention and that
modifications may be made without departing from the spirit
and scope of the invention as set forth in the following claims.

What is claimed is:

1. A method for forming a semiconductor, the method
comprising:

providing a substrate;

forming an active region on the substrate, the active region

comprising semiconductor material;

forming a contact structure of semiconductor material

above the active region; and

depositing a metal contact on the contact structure, the

contact structure comprising a barrier layer operable to
substantially reduce metal migration from the metal
contact into the active region, the barrier layer compris-
ing semiconductor material.

2. The method of claim 1, wherein forming the contact
structure comprises embedding the barrier layer within the
contact structure.

3. The method of claim 1, wherein the contact structure
further comprises an additional barrier layer of semiconduc-
tor material.

4. The method of claim 1, wherein forming the contact
structure comprises:

forming a first contact layer of semiconductor material

above the active region;

forming the barrier layer above the first contact layer; and

forming a second contact layer of semiconductor material

above the barrier layer.

5. The method of claim 1, wherein forming the contact
structure comprises:

forming the barrier layer above the active region; and

forming a contact layer of semiconductor material above

the barrier layer.
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6. The method of claim 1, wherein forming the contact
structure comprises:

forming a contact layer above the active region, the contact

layer comprising semiconductor material; and

forming the barrier layer above the contact layer.

7. A method for preventing metal migration from a contact
into an active layer of a semiconductor structure, the method
comprising:

providing a substrate of semiconductor;

forming an active region of semiconductor on the sub-

strate;

forming a contact structure above the active region, the

contact structure comprising a barrier layer of semicon-
ductor embedded within a contact layer of semiconduc-
tor;

depositing a metal contact on the contact structure;

blocking metal migration from the metal contact towards

the active region using the barrier layer;

inhibiting metal reactions with the active region of semi-

conductor; and

inhibiting a formation of undesirable phases within the

active region of semiconductor.

8. The method of claim 7, wherein forming the contact
structure comprises:

forming a first contact layer of semiconductor on the active

region;

forming the barrier layer on the first contact layer such that

the barrier layer is in intimate contact with the first
contact layer; and

forming a second contact layer of semiconductor on the

barrier layer such that the barrier layer is in intimate
contact with the second contact layer, the first contact
layer and the second contact layer comprising the same
semiconductor material.

9. A method for forming photonic cell devices, the method
comprising:

providing a semiconductor substrate;

growing an active layer comprising gallium arsenide on top

of the semiconductor substrate;

growing a semiconductor contact layer grown on top of the

active layer;

embedding a metal migration semiconductor barrier layer

comprising aluminum indium phosphide within the
semiconductor contact layer; and
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depositing a metal contact on top of the semiconductor
contact layer, wherein the metal contact comprises tita-
nium, gold, and silver metallization deposited on top of
the semiconductor contact layer.

10. The method of claim 9, wherein the semiconductor

substrate comprises a thickness of about 100 to 300 microns.

11. The method of claim 9, wherein growing an active layer
comprises growing a set of gallium arsenide active layers
having a thickness of about 2 to 4 microns on top of the
semiconductor substrate.

12. The method of claim 11, further comprising growing a
set of gallium indium phosphide active layers having a thick-
ness of about 0.5 to 1.0 microns on top of the set of gallium
arsenide active layers.

13. The method of claim 9, wherein the semiconductor
contact layer comprises:

a first region of gallium arsenide having a thickness of

about 1000 to 5000 A and a doping of 1-5x10"® cm?;

a second region of gallium arsenide having a thickness of
about 1000 to 5000 A and a doping of 1-5x10"® cm?>;
and

a third region of gallium arsenide having a thickness of
approximately 0 to 2000 A and a doping of 1-5x10"?
cm?,

wherein the first region is grown on top of the active layer,
the second region is grown on top of the first region, and
the third region is grown on top of the second region.

14. The method of claim 13, wherein embedding the metal
migration semiconductor barrier layer comprises embedding
the metal migration semiconductor barrier layer between the
first region and the second region.

15. The method of claim 9, wherein the metal migration
semiconductor barrier layer comprises a thickness in the
range of 250 A to 500 A.

16. The method of claim 9, wherein the metal contact
comprises a titanium layer having a thickness of about 25 to
11&00 A and a gold layer having a thickness of about 300 to 600

17. The method of claim 16, the metal contact comprises a
silver layer having a thickness of about 40,000 to 60,000 A,
the titanium layer is deposited on top of the semiconductor
contact layer, the gold layer is deposited on top of the titanium
layer, and the silver layer is deposited on top of the gold layer.
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